Kawasaki disease (KD) is a diffuse vasculitis occurring in children and showing predilection for the coronary arteries. The etiology remains unknown, although some risk factors for susceptibility have been defined. asian ethnicity is a primary risk factor. several theories have circulated regarding the differences in KD ethnic incidence. Those theories implicating genetic differences among populations as the cause for this discrepancy have dominated and are areas of active investigation by multiple research groups. Differences in diet between asians and Westerners are touted as reasons for certain ethnic-related discrepancies in susceptibility to cardiovascular disease and cancer in adults. surprisingly, these cultural dietary differences have not been previously considered as the source of the discrepancy in KD incidence among these ethnic populations. Recent data from genetic studies have highlighted the role of specific immune receptors in the pathogenesis of KD. Functions of the Fcγ receptors (FcGRs) are modulated by isoflavones in soy, in particular, genistein. epidemiological data from hawaiian populations support an association between soy consumption and KD. These observations form the basis of a hypothesis: isoflavones participate in KD pathogenesis by modulating function of the FcGRs and by disrupting the balance between activation and inhibition of the inflammatory response. K awasaki disease (KD) is a diffuse vasculitis occurring in children. This disease causes inflammation with coronary artery dilation and aneurysm formation. Described by Tomisaku Kawasaki initially in 1967, KD now represents the leading cause of acquired heart disease in developed nations (1) . The etiology remains unknown, although some of the factors defining susceptibility have been identified. Asian ethnicity provides the primary risk. KD incidence in Japan exceeds 200/100,000 children, >10 times the rate in the United States (2). Eastern Asian countries including Korea and Taiwan (3) also show remarkably high KD incidence as compared with countries with populations of predominantly Caucasian or European descent (4). The high incidence persists in American children of Japanese descent (5) . Several theories have circulated regarding these ethnic differences in KD incidence. Those implicating genetic differences among populations as the defining factor predominate (3) . Genetic studies have identified differences in human leukocyte antigen and CD40 loci, which might account for some but not all of the ethnic diversity in KD incidence (6) . Although population density and climatic factors have been associated with KD outbreaks, these do not explain ethnic differences in KD incidence that persist throughout the world (3). Ethnic and cultural disparities in diet have not been previously considered as potential causes for the variation in KD incidence. Soy consumption in Asian cultures is substantially higher than that in the United States and Europe. Observational studies suggest that the Asian diet, which includes greater amounts of soy protein than do typical diets of non-Asian persons in the United States and Europe, may contribute to lower risk of cardiovascular disease and several cancers. These observations prompted the US Food and Drug Administration in 1999 to approve a health claim stating that diets that are low in saturated fat and cholesterol and include soy protein reduce the risk of heart disease (7). Following this, detailed evaluation by the Nutrition Committee of the American Heart Association in 2006 showed that more recent epidemiological studies and clinical trials did not support these assertions (8, 9) . In addition, significant concerns have been raised regarding the potential adverse health effects of isoflavones such as those contained in soy, particularly in infants (10) . Most of these concerns have stemmed from the capacity of the isoflavone genistein to bind to the estrogen receptor. Recent data from genetic studies have indicated a major role for Fcγ receptors (FcGRs) in KD pathogenesis (6, (11) (12) (13) . Genistein has also been shown to inhibit FcGR function (14) . The integration of these observations forms the basis of a hypothesis: isoflavones participate in KD pathogenesis by modulating the function of FcGRs and disrupting the balance between activation and inhibition of the inflammatory response. Furthermore, differences in isoflavone consumption through dietary ingestion of soy protein may explain the ethnic discrepancies in KD incidence.
The Fcgrs and Kd
Participation of the FcGRs in KD pathogenesis and susceptibility, as well as the potential impact of isoflavones on their functions, forms the central foundation of the hypothesis. The FcGRs are transmembrane receptors present on the surface of multiple types of immune cells. The extracellular domains of these receptors bind to the Fc portion of immunoglobulin G (IgG) antibodies present in immune complexes and play an important role in mediating the host defense against pathogens and in determining self-recognition and tolerance (reviewed by Nimmerjahn and Ravetch (15)). Genetic studies show that functional polymorphisms in these receptors alter susceptibility to autoimmune diseases such as systemic lupus (16) .
These receptors are classified according to their binding affinities with IgG and are further classified according to their principal influence on inflammatory responses as activating or inhibiting (17) . The FcGRs crosslink with each other (Figure 1) , and the stoichiometries between the activating and inhibitory receptors that are involved determine the inflammatory responses by immune cells (15) . High-dose intravenous immunoglobulin (IVIG) provides the principal therapy for KD, presumably through interaction of IgG with the FcGRs (18) . Mice lacking FcGR2B, the sole inhibitory FcGR, do not respond to IVIG, demonstrating the importance of this receptor to the anti-inflammatory response (18, 19) . FcGR2B surface expression on monocytes and macrophages is upregulated in mice by binding of sialylated IgG (constitutes ~20% of human IgG) to non-integrin-related-1 (SIGN-R1) or the transgenically expressed human ortholog (DC-SIGN) (18, 19) .
Single-nucleotide polymorphisms in the human FcGR genes can modify transcriptional regulation and/or function of the encoded receptors, thereby altering either receptor expression and activity, or interaction among multiple receptors (20) . IVIG resistance or refractoriness occurs in 15-20% of patients with KD, and these patients carry a relatively high risk for coronary dilation and aneurysm (4) . In the case of FcGR2B, singlenucleotide substitutions at −120 T/a and −386 G/c enhance the binding of specific transcription factors, resulting in elevated FcGR2B expression on lymphocytes and monocytes (20) . Recently, Shrestha et al. showed that Caucasian patients with KD harboring these single-nucleotide polymorphisms and their haplotypes, including both the alleles in tight linkage disequilibrium, showed substantially greater odds for therapeutic IVIG response than did patients with KD with the major alleles. Of note, these two single-nucleotide polymorphisms and their associated haplotype occur either rarely or not at all in Asians (13) . Codominant alleles or haplotypes that modify functions of the activating FcGR2A and 3B also show significant associations for KD risk and IVIG treatment response, respectively, thereby creating potential population-based impacts. Three recent investigations using different methodologies have confirmed increased risk of acquiring KD in individuals harboring histidine in the FcGR2A-131H/R (rs1801274) polymorphism. Shrestha et al. (12) , evaluating KD patients and their parents (trios) with transmission disequilibrium testing, showed that the FcGR2A-131H variant substantially increased the KD risk or susceptibility (odds ratio: 1.4-2.75) to KD. Khor et al. (11) identified the same locus as a risk factor in European and Asian (Korea, Taiwan, Hong Kong, Shanghai) populations in a large genome-wide association study with a case-control design. Onouchi et al. (6) replicated this genome-wide association study finding in a Japanese KD population. The increased risk associated with this polymorphism does not appear to 
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Portman vary among these ethnic groups. Therefore, the susceptibility conferred by FcGR2A131, although readily detectable, does not explain the racial/ethnic discrepancies in KD incidence. The activating FcGR3B is expressed almost exclusively on neutrophils. Two FcGR3B single-nucleotide polymorphisms at positions 141 (rs403016) and 147 (rs447536) in the extracellular domain 1 lead to amino acid substitutions and result in two allotypic isoforms of the protein named neutrophil antigen, NA1 and NA2. A recent study identified the NA1 isotype as a major risk factor for IVIG refractoriness and development of persistent coronary artery dilation and/or aneurysm. NA1 shows selectively increased binding affinity for IgG1 and IgG3 as compared with NA2, suggesting that IVIG manipulates inflammation in KD through this neutrophilic receptor (12) .
TyroSIne ProTeIn KInaSe InhIBITIon and ISoFlavoneS
The consistent genetic data support the hypothesis that modifications in FcGR function or expression have an impact on KD susceptibility and/or IVIG treatment response. Genistein, the principal isoflavone in soy, also modifies the functions of these receptors by interfering with phosphorylation by tyrosine protein kinases (14, 21, 22) . The activating FcGRs either contain immunoreceptor tyrosine-activating motifs (ITAMs) in the cytoplasmic tail or associate closely with ITAM-containing cytosolic proteins (Figure 1) . ITAM motifs are conserved four-amino-acid sequences in which tyrosine is separated from leucine by any two amino acids (-YxxL- (23)). Tyrosine protein kinases phosphorylate tyrosines within the ITAM following protein conformational changes induced by binding of immune complexes to the extracellular portion of the FcGR. ITAM phosphorylation permits docking of signaling proteins to the receptor molecule, which then initiates a cascade of events promoting inflammatory responses. The type of inflammatory response initiated varies according to the specific FcGR undergoing regulatory phosphorylation (14, 15) and whether the ITAM motif resides in the cytoplasmic tail of the FcGR or in an associated protein (24, 25) . Tyrosine protein kinase also regulates the inhibitory FcGR2B signals via an immunoreceptor tyrosine-based inhibitory (ITIM) motif (Figure 2) . Cross-linking of FcGR2B with activating FcGR receptors or B-cell receptors promotes tyrosine protein kinase-mediated ITIM phosphorylation, which leads to dephosphorylation and inhibition of the activating signal cascades (15, 26) . Thus, the phosphorylation of ITIMs within FcGR2B plays a critical role in suppressing aberrant B-cell activation and potential autoimmunity. The overall effect of tyrosine protein kinase inhibition in humans in vivo is unknown. However, a selective tyrosine protein kinase inhibitor could potentially shift the balance in a manner that would prevent self-recognition and promote autoimmune inflammatory responses. The isoflavones genistein and daidzein are present chiefly in dietary soy (27) . Genistein in soy occurs at nearly twice the concentration of daidzein and is used as a tyrosine protein kinase inhibitor in immunology laboratories. Genistein blocks phosphorylation by tyrosine protein kinases. The concentrations of genistein used to inhibit protein tyrosine kinases in vitro are generally higher than are the plasma concentrations obtained through human oral ingestion of soy. However, immune-modulating effects, such as a marked reduction in thymic mass, have been observed in mice in vivo with plasma levels that approximate those obtained in humans by dietary ingestion (28) . Specific inhibition of phosphorylating actions by protein tyrosine kinase on FcGRs or their associated ITAM-containing proteins occurs at fairly low concentrations in vitro (14) . For instance, genistein inhibits phagocytosis, although not endocytosis, of immune complexes ligated to FcGR2A (14) . Selective or differential inhibition by genistein according to FcGR isotype or ITAM vs. ITIM suggests that this isoflavone could disrupt the balance between activating and inhibitory signals. In addition, incomplete phosphorylation of ITAM tyrosines caused by genistein exposure may alter signal output and initiate an inhibitory signal (29) .
Isoflavones have been implicated as susceptibility factors for autoimmune diseases in children. Fort et al. (30) showed increased frequency of soy-based feeding during infancy in children with autoimmune thyroiditis as compared with siblings and a healthy unrelated control group. The study was retrospective in nature and performed in a relatively small study population (31); however, the results have not been refuted.
Soy ConSUMPTIon and Kd InCIdenCe KD peak incidence occurs in children aged between 6 and 11 mo, and then slowly decreases with advancing age (2). Thus, prevailing theories regarding infectious etiology assume that KD results from an abnormal immune response to a first infection in predisposed individuals (32) . The rarity of the disease over the first few months of life suggests that maternal passive immunity plays a protective role against the inciting The relationship between Kawasaki disease (Kd) incidence for children <5 y (boxes) or <18 y (diamonds) and adult soy consumption per day for three major ethnic groups in hawaii (Caucasian in white, native hawaiian in gray, and Japanese in black). Kd incidence is extracted from the work of holman et al. (5) , and soy consumption data are extracted from the work of Morimoto et al. (38) . Symbols about the origin (0,0) reflect low Kd incidence and negligible soy consumption in Caucasians.
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Kawasaki disease and isoflavones pathogen(s). Although maternal-fetal transmission of isoflavones is high (33) , the earliest significant dietary exposure to isoflavones in children comes through either breast milk or soy-based infant formulas. Whereas ingestion of breast milk yields fairly low plasma isoflavone levels in nursing infants, soy formula-fed infants show substantially higher levels than those found in adults consuming soy (34) , given that the formula is the infant's primary food. The estimated exposure rate to soy formula in American infants is similar to that in Japanese infants (10) . Therefore, exposure over the first few months of age to isoflavones in soy-based formula does not account for the ethnic differences in KD incidence. However, Asian children beyond the age of conferred maternal immunity consume substantially more isoflavones than do Caucasian children of comparable age. Asian families typically add tofu to complement the infant breastfeeding or formula beginning at 4-6 mo (35) . Tofu-fed infants show high isoflavone levels in plasma and urine, which exceed those found in Asian adults eating soy (34) . The Japanese National Nutritional Survey (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) shows that by 1 year of age, Japanese children consume ~60% of the average daily soy and isoflavones ingested by adults between the ages of 20 and 40 y (36) . Populations in other Asian countries vary substantially with regard to soy and isoflavone consumption. Furthermore, measures of consumption are based on different methodologies (36) . Although the available data are highly variable, they consistently show that adult isoflavone consumption in Asian countries with substantially higher incidence rates for KD average between 11 and 40 mg per day (36) . By contrast, Caucasian populations in the United States and Western Europe with relatively low KD incidence consume <2 mg per day (37, 38) . Thus, data by geographic region support the hypothesis that KD incidence is related to the amount of soy and isoflavone consumption. The examination of published ethnic KD incidence rates in Hawaii removes any geographical influence in making these comparisons among ethnic populations. Japanese-American children in Hawaii display substantially higher incidence than do native Hawaiians, who in turn show higher rates than do Caucasian children (5) . Although soy consumption in KD families in Hawaii has not been studied, the Multiethnic Cohort (Hawaii component) study has reported daily soy consumption in thousands of Caucasian, Native Hawaiian, and Japanese subjects (38) . Data from the Multiethnic Cohort study published in 2010 were obtained for the same time period (1996-2004) as were the annual KD incidence data reported by Holman et al. (5) in 2011. These intriguing ethnicity data sets obtained from a defined geographic region, then combined, suggest an association between soy consumption and KD incidence (Figure 2 ) for all children (younger than 18 y) and for young children (aged younger than 5 y), when evaluated separately. The use of adult soy consumption represents a limitation for this analysis. Unfortunately, soy consumption in children by ethnic groups in the United States has not been studied. As noted, the data from Japan show that soy consumption in children is comparable to that in adults. Accordingly, one could assume that small children wean onto diets similar to those of their parents.
ConClUSIon
Genomic studies consistently show that the FcGRs play an important role in the pathogenesis of KD and in response to IVIG therapy. FcGR-regulated immune functions depend on initial ITAM or ITIM phosphorylation by tyrosine protein kinases. The isoflavone genistein inhibits action by these kinases, although the qualitative and quantitative responses vary by FcGR and immune cell type. Soy contains substantial quantities of isoflavones, and populations that historically consume large amounts of soy achieve readily measureable and fairly high levels of genistein in their plasma and of genistein metabolites in their urine. Populations with the highest isoflavone and soy consumption show the highest rates of KD. The presence of a moderating environmental factor fits well with the prevailing KD pathogenesis theories. Such a factor would promote susceptibility in infancy or early childhood after first exposure to an etiological agent. No study has previously considered diet as the important environmental component affecting risk for KD, although other cardiovascular diseases have been linked to dietary agents. Well-designed epidemiological studies that include dietary history should be performed to determine if these isoflavones, and in particular genistein, affect risk for KD.
